Thermoanaerobaculum aquaticum gen. nov., sp. nov., the first cultivated member of Acidobacteria subdivision 23, isolated from a hot spring were rod-shaped, non-motile, strictly anaerobic and chemo-organotrophic and did not form spores. Growth occurred at 50-65 6C, with an optimum at 60 6C, at pH 6.0-8.0, with an optimum at pH 6.5-7.0, and at NaCl concentrations up to 0.5 % (w/v), with optimum growth in the absence of NaCl. Strain MP-01 T was capable of fermentative growth on pyruvate or proteinaceous substrates as well as reducing Fe(III) and Mn(IV). Major fatty acids were iso-C 15 : 0 , iso-C 16 : 0 , anteiso-C 17 : 0 and iso-C 17 : 0 . The polar lipids consisted of diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine and the major isoprenoid quinone was MK-10. In the polyamine pattern, sym-homospermidine was the predominant compound. The DNA G+C content was 62.7 mol%. Analysis of the 16S rRNA gene sequence of the isolate indicated that strain MP-01 T represents the first reported cultivated member of subdivision 23 of the Acidobacteria. It is proposed that strain MP-01 T represents a novel genus and species, for which the name Thermoanaerobaculum aquaticum gen. nov., sp. nov. is proposed. The type strain of Thermoanaerobaculum aquaticum is MP-01 T (5DSM 24856 T 5JCM 18256 T ).
The phylum Acidobacteria has been proposed to include 26 phylogenetically defined subdivisions (Barns et al., 2007) , the majority of which do not contain cultured representatives at the time of writing. Environmental sequences from members of this group of organisms have been detected from a variety of diverse environments including soils, caves and hot springs (Barns et al., 1999 (Barns et al., , 2007 Zimmermann et al., 2005) . In several 16S rRNA gene sequence-based surveys, members of the Acidobacteria have been detected as the numerically dominant members of such environments as wetlands and soils (Araujo et al., 2012; Větrovský & Baldrian, 2013) . Furthermore, based on the wide 16S rRNA gene sequence divergence observed amongst members of the Acidobacteria, it has been predicted that the phylum could prove to be as diverse as the much better studied Proteobacteria (Janssen, 2006) .
Detailed descriptions of cultivated members are available for subdivisions 1, 3, 4, 8 and 10 of the Acidobacteria, encompassing a total of 14 genera with a wide range of physiological traits. Most of these genera belong to subdivision 1 and include Acidobacterium (Kishimoto et al., 1991) , Edaphobacter (Koch et al., 2008) , Granulicella (Pankratov & Dedysh, 2010) , Terriglobus (Eichorst et al., 2007; Männistö et al., 2011) , Bryocella , Acidicapsa , 'Acidipila' (Okamura et al., 2011) and Telmatobacter (Pankratov et al., 2012) . Bryobacter (Kulichevskaya et al., 2010 ) is the single IP: 54.70.40.11
On: Sat, 29 Dec 2018 22:44:53 described genus for subdivision 3; Blastocatella fastidiosa (Foesel et al., 2013) and 'Thermotomaculum hydrothermale' (Izumi et al., 2012) were recently described as the first cultured representatives of subdivisions 4 and 10, respectively, although the latter name has not been validly published at the time of writing. Members of subdivision 8 include the genera Acanthopleuribacter (Fukunaga et al., 2008) , Geothrix (Coates et al., 1999) and Holophaga (Liesack et al., 1994) . As stated, members of the Acidobacteria have shown a wide array of physiological traits, including the capacity for anaerobic iron reduction in the case of Geothrix fermentans (Coates et al., 1999) or even photoheterotrophy, as reported for the organism 'Candidatus Chloracidobacterium thermophilum' (Bryant et al., 2007) . The isolation and characterization of novel acidobacteria is of great interest, because members of the Acidobacteria have been detected in many diverse environments and are represented by only a handful of cultivated species (Barns et al., 1999; Kulichevskaya et al., 2012) . Subdivision 23 is currently only represented by environmental sequences from a number of aquatic ecosystems that include marine sediment, microbial mats from hot springs and a cave, in addition to other hot-spring environments. The first isolation and characterization of a cultivated member of this subdivision is reported here: strain MP-01
T was isolated from a freshwater hot spring.
Water samples were collected from a freshwater hot spring, the Hale House Spring, located in Hot Springs National Park, Hot Springs, AR, USA (34 u 309 470 N 93 u 039 130 W). The chemical composition of the hot-spring water has been described previously (Marks et al., 2012) . Samples were added immediately to sealed serum bottles containing an anaerobic basal medium and stored at 60 u C until use. The basal medium contained (per litre): 10 ml Pfennig's mineral salts 1 (Eichler & Pfennig, 1988) , 0.1 g yeast extract, 1 ml each of a trace metal and vitamin solution (Tanner, 2002) , 10 ml cysteine sulfide solution (Tanner, 2002) , 50 mg resazurin and 1 g sodium bicarbonate. This basal medium was boiled and degassed under a mixture of N 2 /CO 2 (80 : 20, v/v). The basal medium was used for substrate utilization tests, physiological tests and chemotaxonomic analyses with an incubation temperature of 60 uC and a N 2 /CO 2 (80 : 20, v/v) headspace unless otherwise stated. Substrates added to the basal medium to support growth are noted as used. The samples were inoculated into basal medium containing manganese (IV) oxide (0.5 mM) and sodium acetate (10 mM). After the appearance of a white precipitate, indicating manganese reduction, cultures were transferred to fresh medium for a period of approximately 4 weeks. Isolation was achieved through repeated dilution to extinction in basal medium containing sodium pyruvate (10 mM) and sodium nitrate (10 mM). Culture purity was monitored by the use of phase-contrast microscopy. The organism was routinely maintained in culture with basal medium containing sodium pyruvate (10 mM).
Growth was tested under different physiological conditions in basal medium containing sodium pyruvate (10 mM).
Growth was tested at 37-70 u C, with NaCl concentrations of 0-3.0 % (w/v) and at pH 5.5-9.0 using appropriate Good buffers at a concentration of 3 g l 21 (MES for pH 5.5-6.5, TES for pH 7.0-8.0 and TAPS for pH 8.5-9.0). Requirement for yeast extract as a growth factor was tested in medium containing sodium pyruvate (10 mM). Direct cell counts were used to monitor growth using DAPI and fluorescent microscopy (Porter & Feig, 1980) . Optimum growth was defined as the fastest observed growth rate as measured by optical density. All growth experiments were performed in triplicate; cultures were monitored for growth for 10 days after inoculation. Strain MP-01 T was tested for the ability to utilize the following compounds as potential electron acceptors: sodium sulfate (10 mM), sodium sulfite (5 mM), sodium thiosulfate (10 mM), manganese (IV) oxide (5 mM), amorphous iron (III) oxyhydroxide (20 mM), iron (III) citrate (10 mM), sodium nitrate (10 mM), sodium nitrite (5 mM) and elemental sulfur supplied in the form of polysulfide, as described previously (Widdel & Hansen, 1992) . Amorphous iron (III) oxyhydroxide and synthetic manganese (IV) oxide were prepared as described previously (Lovley & Phillips, 1986 . Accumulation of sulfide was monitored using the methylene blue method (Cline, 1969) . Reduction of Mn(IV) and Fe(III) was monitored using the formaldoxime and ferrozine assays (Armstrong et al., 1979; Lovley & Phillips, 1986) . Utilization of nitrate and nitrite as electron acceptors was observed via the use of ion chromatography on a Dionex ICS-1100 system (http:// www.dionex.com/en-us/webdocs/7305-Bro-IC-ICS-1100-1600-2100-03Jul2012-BR70099_E.pdf). Potential electron acceptors were tested in the presence of sodium pyruvate (10 mM). Potential electron donors were tested in the presence of amorphous iron (III) oxyhydroxide (20 mM); the accumulation of Fe(II) in the presence of various substrates was compared with non-amended basal medium. Potential electron acceptor and donor tests were monitored for 14 days after inoculation.
Identification of fermentation products was performed on cultures grown for 3 days in basal medium containing sodium pyruvate (10 mM). Identification of acid fermentation products was performed by HPLC using a Shimadzu LC-20AT with an SPD-20A UV/Vis detector equipped with an Aminex HPX-87H ion exclusion column (Bio-Rad) using 0.001 M H 2 SO 4 as the mobile phase with a flow rate of 0.9 ml min
21
. Alcohols were detected with a Shimadzu GC-8A equipped with a flame-ionization detector and a 2 m glass column packed with an 80/120 Carbopak B-DA/4 % Carbowax resin 20M (Sigma-Aldrich) with helium as the carrier gas at a flow rate of 35 ml min
. Hydrogen concentrations were monitored using a Shimadzu GC-8A equipped with a thermal conductivity detector; the column was a Porapak Q (2 m stainless steel) column (Alltech) using nitrogen as a carrier gas at a flow rate of 30 ml min
.
Growth of strain MP-01
T was observed between 50 and 65 u C, with an optimum at 60 u C. Strain MP-01 T appeared to be sensitive to NaCl concentration: growth was observed N. A. Losey and others at 0-0.5 % (w/v) NaCl, but growth at 0.5 % (w/v) resulted in a lower growth rate. Growth was also observed at pH 6.0-8.0, with an optimum between pH 6.5 and 7.0. Negligible growth was observed in the absence of yeast extract (0.1 g l 21 ). No growth was observed in the presence of 1-20 % (v/v) oxygen. Under optimal temperature, pH and NaCl concentration (60 u C, pH 6.5, 0 % NaCl), the fastest observed generation time was approximately 8.9 h, with a maximal cell density of 8.0610 7 cells ml 21 .
Strain MP-01 T was capable of reducing manganese (IV) oxide, iron (III) citrate and amorphous iron (III) oxyhydroxide. The following electron acceptors were not utilized: nitrate, nitrite, sulfate, sulfite, thiosulfate and polysulfide. Electron donors that resulted in a larger amount of iron reduction compared with substrate non-amended controls included glucose (5 mM), fructose (5 mM), sodium pyruvate (10 mM), yeast extract (1 g l
21
) and peptone (1 g l
). The addition of the following substrates did not result in larger amounts of iron reduction: sodium lactate (10 mM), sodium citrate (5 mM), sodium propionate (10 mM), glycerol (10 mM), sodium formate (10 mM), methanol (10 mM), ethanol (10 mM), sodium benzoate (10 mM), sodium fumarate (5 mM), H 2 (partial pressure of 131 kPa) and sodium succinate (5 mM). Strain MP-01
T was capable of growth in the absence of an electron acceptor in the presence of sodium pyruvate (10 mM), yeast extract (1 g l
. No growth in the absence of an electron acceptor was observed for the following substrates: sodium citrate (5 mM), glucose (5 mM), fructose (5 mM), glycerol (10 mM), sodium fumarate (5 mM) and sodium succinate (5 mM). No autotrophic growth was observed in the presence of a H 2 /CO 2 (80 : 20, v/v) headspace. Fermentation products detected from pyruvate fermentation included butyrate, lactate and H 2 .
Cells were imaged using phase-contrast microscopy with an Olympus CX41 instrument. Samples for transmission electron microscopy (TEM) were grown with basal medium containing sodium pyruvate (10 mM) and collected during the late exponential phase. Both wholecell and thin-section imagining were performed on strain MP-01
T . Cells for whole-cell imaging were fixed in 1 % (v/ v) glutaraldehyde and stained with modified Sato's lead (Hanaichi et al., 1986) . Samples for thin sectioning were first fixed in 1 % (v/v) glutaraldehyde and subsequently fixed with 1 % (w/v) osmium tetroxide. Samples were then dehydrated in an ethanol series (30, 50, 70, 90, 95 and 100 %, v/v) and placed in EMbed 812 (Electron Microscopy Services). Thin sections were prepared using a Leica Reichert Jung Ultracut E ultramicrotome. Staining of thin sections was performed using a saturated aqueous solution of uranyl acetate followed by staining with modified Sato's lead. TEM imaging of both thin sections and whole cells was performed using a Zeiss 10A microscope at 60 kV for observation and photography.
Strain MP-01
T consisted of rod-shaped, Gram-negativestaining cells that divided by binary fission and were 3.5-8.0 mm long and 0.2-0.3 mm wide (Fig. 1) . Thinsection electron micrographs appeared to show the lack of a thick peptidoglycan layer (Fig. S1 , available in IJSEM Online). Cells sometimes occurred in chains reaching over 50 mm long. Round bodies were observed in older cultures; similar structures have also been observed in at least one other member of the Acidobacteria, the genus Granulicella (Pankratov & Dedysh, 2010) .
DNA was isolated using a modification of the phenol/ chloroform extraction detailed by Lawson et al. (1989) . The DNA G+C content was determined by an HPLC method (Mesbah et al., 1989 ) using a Prevail C 18 reversed-phase column (Alltech) at room temperature with a mobile phase of 25 mM KH 2 PO 4 /CH 3 CN (96 : 4), pH 2.5. The G+C content of genomic DNA was 62.7 mol%. The universal bacterial primers 27F (59-AGAGTTTGATCCTGGCTCAG) and 1492R (59-GGCTACCTTGTTACGACTT) were used to amplify the 16S rRNA gene, as described previously (Rios-Hernandez et al., 2003) . 16S rRNA gene PCR products were treated with ExoSAP-IT (USB Corporation) to remove excess primers and nucleotides before direct sequencing with primers directed towards conserved positions of the 16S rRNA gene (Hutson et al., 1993) . Sequencing reactions were performed using the BigDye Terminator version 3.1 cycle sequencing kit (Applied Biosystems Inc.) as described by the manufacturer and analysed using with an Applied Biosystems 3730 DNA Analyzer. The resulting 16S rRNA gene sequence (approx. 1460 bp) was used to search databases using the program FASTA (Lipman & Pearson, 1985) . Related sequences were retrieved from GenBank and aligned using the program CLUSTAL W contained within MEGA 5 (Tamura et al., 2011) . Phylogenetic reconstructions were performed in MEGA 5 using the neighbour-joining method (Saitou & Nei, 1987) . The phylogenetic analysis was performed with 1000 bootstrap replications (Fig. 2) . Branching orders and bootstrap values were confirmed (not shown) using two Thermoanaerobaculum aquaticum gen. nov., sp. nov.
other methods of phylogenetic reconstruction, the maximum-likelihood and maximum-parsimony methods.
Comparative 16S rRNA gene sequence analysis demonstrated that strain MP-01 T was clearly distinct from any previously cultivated members of the Acidobacteria and was a member of subdivision 23. This phylogenetic group, also referred to as candidate division OS-K (as designated by the NCBI Taxonomy database) has been shown to be affiliated with the Acidobacteria as designated by the Greengenes (DeSantis et al., 2006), SILVA (Pruesse et al., 2007) and RDP (Cole et al., 2009) et al., 2012) . The closest cultivated relative, 'Thermotomaculum hydrothermale' AC55, shared only 82.4 % 16S rRNA gene sequence similarity, followed by Acanthopleuribacter pedis FYK2218 T (81.4 % sequence similarity). However, high sequence similarity (.99 %) was found to two environmental 16S rRNA clone gene sequences (GenBank accession numbers JX125561 and EF205538) that were retrieved from a hot-spring enrichment (R. P. Anitori and P. L. Bergquist, unpublished) and from a hotspring mat (Lau et al., 2009) , respectively. Other related sequences (,10 % sequence similarity) were retrieved from both thermal and non-thermal environments (Fig. 2) . 
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Subdivision 23
Granulicella pectinivorans TPB6011 T (AM887757)
Granulicella rosea T4 T (AM887759)
Granulicella aggregans TPB6028 T (AM887759)
Bryocella elongata SN10 T (FR666706)
Granulicella paludicola OB1010 T (AM887758)
Edaphobacter aggregans WBG-1 T (DQ528761)
Edaphobacter modestus Jbg-1 (DQ528760)
Terriglobus roseus KBS63 T (DQ660892)
Terriglobus saanensis SP1PR4 T (HM214537)
Acidobacterium capsulatum 161 T (D26171)
Acidopila rosea AP8 T (AB561884)
Telmatobacter bradus TPB6017 T (AM887760)
Acidicapsa borealis KA1 T (FR774763)
Acidicapsa ligni WH120 T (EU780204) 
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Cell material for polar lipid, quinone and fatty acid analyses was collected from cultures in late exponential to stationary phase grown with sodium pyruvate (10 mM) at 60 u C. Fatty acid profiles for strain MP-01 T were generated from cell material after exposure to acid hydrolysis followed by GC-MS, as described previously (Sinninghe Damsté et al., 2011) . In addition, fatty acid profiles were also generated from the phospholipid fatty acid (PLFA) fraction of the extract and of the cell residue that remained after the Bligh-Dyer extraction (Bligh & Dyer, 1959) , as described previously (Sinninghe Damsté et al., 2011) . Major fatty acids detected for strain MP-01
T following acid hydrolysis included anteiso-C 15 : 0 (3.8 %), iso-C 15 : 0 (26.3 %), iso-C 16 : 0 (11.5 %), C 16 : 0 (4.7 %), anteiso-C 17 : 0 (9.9 %), iso-C 17 : 0 (21.1 %) and iso-C 18 : 0 (7.9 %). A complete list of detected fatty acids following acid or base hydrolysis is shown in Table 1 . Table S1 shows the relative abundances and the fatty acid composition of intact polar lipids. Fatty acid analyses did not result in the detection of the membrane-spanning long-chain fatty acid 13,16-dimethyl octacosanedioic acid (isodiabolic acid), in sharp contrast to results of similar analyses from members of the Acidobacteria from subdivisions 1 and 3 (Sinninghe Damsté et al., 2011) . The presence of only saturated fatty acids in strain MP-01 T differs from available fatty acid profiles for members of subdivisions 1, 3, 4 and 8 of the Acidobacteria ,where one of the major fatty acids present typically contains a double bond (Table 2) . 'Thermotomaculum hydrothermale', the thermophilic member of Acidobacteria subdivision 10, possesses only the saturated fatty acids C 15 : 0 and C 17 : 0 as predominant components (Izumi et al., 2012) . Polar lipid analysis was performed via two-dimensional TLC (Tindall, 1990a, b) . A complex polar lipid profile was generated, including diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, five unidentified lipids, four unidentified phospholipids, an unidentified aminolipid and an unidentified glycolipid (Fig. S2) . These results were confirmed by analysis of the Bligh-Dyer extract using LC-MS under conditions described previously (Sinninghe Damsté et al., 2011) ( Table S1 ). The fatty acid composition of the intact polar lipids as determined by LC-MS (Table S1 ) is in agreement with the fatty acid composition after hydrolysis (Table 1) . Quinone analysis was performed by an organic phase extraction and analysis was performed using a Shimadzu Prominence HPLC system equipped with a Gemini 5 mm, C18 reversed-phase column (Phenomonex). The major quinone detected was menaquinone with 10 isoprenoid units (MK-10); MK-9 and MK-11 were also detected, but only as minor components.
The predominant polyamines were determined for strain MP-01 T . Cells were harvested in the same manner as for other chemotaxonomic tests. The extraction and analysis of polyamines was performed as described previously (Busse & Auling, 1988; Stolz et al., 2007) . The polyamine content was determined by total as 13.1 mmol sym-homospermidine (g dry weight)
21 , 0.4 mmol spermine (g dry weight)
21 Table 1 . Fatty acid composition of strain MP-01 T after applying different methods of analysis
Percentages of the total are reported. Major fatty acids (.10 %) are shown in bold. 'PLFA' shows constituents after acid hydrolysis of the PLFA fraction of the Bligh-Dyer extract. 'Total cell material' shows constituents after acid hydrolysis of the total cell material. This is the preferred method for the detection of isodiabolic acid in acidobacteria (Sinninghe Damsté et al., 2011) . 'Residue after extraction' shows constituents after base hydrolysis of the residue after Bligh-Dyer extraction of the cell material. It shows that the 3-hydroxy fatty acids (and iso-C 12 : 0 ) are bound in lipids that are not extracted with the Bligh-Dyer method. 2, Not detected. (Kishimoto et al., 1991) ; 3, Edaphobacter (Koch et al., 2008) ; 4, Granulicella (Pankratov & Dedysh, 2010) ; 5, Terriglobus (Eichorst et al., 2007; Männistö et al., 2011) ; 6, Telmatobacter bradus TPB6017 T (Pankratov et al., 2012) ; 7, Bryocella elongata SN10 T ; 8, Acidicapsa ; 9, 'Acidipila rosea'
AP8 (Okamura et al., 2011) ; 10, Bryobacter aggregatus MPL3 T (Kulichevskaya et al., 2010) ; 11, Blastocatella fastidiosa A2-16 T (Foesel et al., 2013) ; 12, Acanthopleuribacter pedis FYK2218 T (Fukunaga et al., 2008) ; 13, Geothrix fermentans H-5 T (Coates et al., 1999) ; 14, Holophaga foetida TMBS4 T (Liesack et al., 1994) ; 15, 'Thermotomaculum hydrothermale' AC55 (Izumi et al., 2012 
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21
. This result is in agreement with previous analysis of members of the phylum Acidobacteria, namely Acidobacterium capsulatum and Geothrix fermentans, where sym-homospermidine was identified as the predominant polyamine (Hosoya et al., 2006) .
In addition to its phylogenetic location and low 16S rRNA gene sequence similarity to its nearest cultivated relatives (,15 %), the novel organism represented by strain MP-01 T can be differentiated from the majority of previously described genera within the Acidobacteria (Table 2 ). In particular, it can be differentiated from most of its closest relatives by its thermophilic and anaerobic nature, with the exception of 'Thermotomaculum hydrothermale'. However, strain MP-01 T can be differentiated from 'Thermotomaculum hydrothermale' by the ability to reduce Fe(III) and Mn(IV), different NaCl requirements and a unique fatty acid profile consisting of iso-C 15 : 0 , iso-C 16 : 0 , anteiso-C 17 : 0 and iso-C 17 : 0 compared with C 17 : 0 and C 15 : 0 . Therefore, based on the aforementioned characteristics, it is proposed that the bacterium originating from hot-spring water be classified within a new genus and species, Thermoanaerobaculum aquaticum gen. nov., sp. nov.
Description of Thermoanaerobaculum gen. nov. Thermoanaerobaculum (Ther.mo.an.a.e.ro.ba9cu.lum. Gr. adj. thermos hot; Gr. pref. an not; Gr. n. aer air; L. neut. n. baculum rod; N.L. neut. n. Thermoanaerobaculum rod that grows in the absence of air at high temperatures).
Cells are Gram-negative-staining, strictly anaerobic, nonspore-forming rods. Major fatty acids (.10 %) are iso-C 15 : 0 , iso-C 16 : 0 , anteiso-C 17 : 0 and iso-C 17 : 0 . Polar lipids are diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine. The major isoprenoid quinone is MK-10. The predominant polyamine is sym-homospermidine. The type species is Thermoanaerobaculum aquaticum. The G+C content of the DNA of the type strain of the type species is 62.7 mol%.
Description of Thermoanaerobaculum aquaticum sp. nov.
Thermoanaerobaculum aquaticum (a.qua9ti.cum. L. neut. adj. aquaticum living, growing or found in or by the water, aquatic).
Displays the following properties in addition to those described for the genus. Thermophilic and neutrophilic. Cells are non-motile, elongated rods dividing by binary fission. Growth occurs at 50-65 u C (optimum 60 u C), at pH 6.0-8.0 (optimum pH 6.5-7.0) and in NaCl concentrations up to 0.5 % (w/v) (optimum growth in the absence of NaCl). Capable of reducing Fe(III) and Mn(IV). The following were not utilized as electron acceptors: nitrate, nitrite, sulfate, sulfite, thiosulfate and polysulfide. Iron reduction is stimulated markedly by glucose (5 mM), fructose (5 mM), pyruvate (10 mM ). 13,16-Dimethyl octacosanedioic acid (isodiabolic acid) is not detected. Polar lipids include one unidentified glycolipid, one aminolipid, four phospholipids and five polar lipids devoid of a sugar moiety, a phosphate group or an amino group. Minor amounts of MK-9 and MK-11 are detected. Thermoanaerobaculum aquaticum may be differentiated from other cultivated members of the Acidobacteria by tests shown in Table 2 .
The type strain, MP-01 T (5DSM 24856 T 5JCM 18256 T ), was isolated from a freshwater hot spring, the Hale House Spring, located at Hot Springs National Park, Hot Springs, AR, USA.
